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The interferons (IFNs) are cytokines that play key roles in
host defense against viral infections and immune surveillance
against cancer. We report that BCR-ABL transformation of
hematopoietic cells results in suppression of IFN-dependent
responses, including transcription of IFN-inducible genes
and generation of IFN-mediated antiviral effects. BCR-ABL
transformation suppresses expression of several IFN-regu-
lated genes containing IFN-sensitive response element
(ISRE) or GAS elements in their promoters, including Isg15,
Irfl, Irf9, and Ifit2 (interferon-induced protein with tetratri-
copeptide repeats 2). Suppression of transcription of ISRE-
containing genes is also seen in cells expressing various BCR-
ABL kinase domain mutants, including T315I, H396P,
Y253F, and E255K, but not kinase-defective BCR-ABL. Such
effects are associated with impaired IFN-dependent phos-
phorylation of Stat1 on Tyr”°! and Stat3 on Tyr’°® and defec-
tive binding of Stat complexes to ISRE or GAS elements.
Beyond suppression of Stat activities, BCR-ABL inhibits IFN-
inducible phosphorylation/activation of the p38 MAPK, sug-
gesting a dual mechanism by which this abnormal fusion pro-
tein blocks IFN transcriptional responses. The inhibitory
activities of BCR-ABL ultimately result in impaired IFNa-me-
diated protection against encephalomyocarditis virus infection
and reversal of IFN-dependent growth suppression. Altogether,
our data provide evidence for a novel mechanism by which BCR-
ABL impairs host defenses and promotes malignant transfor-
mation, involving dual suppression of IFN-activated signaling
pathways.
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To survive viral infection, cells produce and secrete interfer-
ons (IFNs),” proinflammatory cytokines that inhibit cellular
proliferation, block viral infection and replication, and exhibit
important immunomodulatory activities (reviewed in Refs.
1-7). One important mechanism by which IFNs mediate their
antiviral effects is through the transcriptional regulation of
multiple antiviral genes (reviewed in Refs. 8—12). The tran-
scriptional activation of such genes is primarily regulated by the
engagement of Jak-Stat signaling cascades, pathways that are
rapidly activated after binding of IFNs to their respective cell
surface receptor. Type I IFNs (e, B, w, k, and €) utilize the type
I IEN receptor, whereas IFNy binds to a distinct receptor, the
type I IFN receptor (reviewed in Refs. 13—15). Following recep-
tor binding of type I IFNSs to their receptor, the Jakl and Tyk2
kinases are activated, leading to induction of a complex net-
work of signaling pathways (reviewed in Refs. 8 —=12). The clas-
sical signaling pathways involve activation of Stat proteins,
which form homo- and/or heterodimers, migrate to the
nucleus, and bind to the promoters of IFN-regulated genes,
leading to their induction or repression (reviewed in Refs.
8-12). Type I IFNs activate the ISGF3 complex, which is com-
posed of IRF9 (interferon regulatory factor 9) and activated
Statl and Stat2, and other Stat complexes that bind to specific
sequences in the promoters of target genes to regulate tran-
scription (812, 16 -18).

In addition to the classical IFN pathways, various other sig-
naling cascades are engaged by type I IFNs. These include the
p38 MAPK signaling cascade (19 —25), pathways involving PKC
isoforms (26, 27), Crk proteins (reviewed in Refs. 11, 12), and
the PI 3’ kinase pathway (9-12, 21), which regulates engage-
ment of mTOR and downstream signals to regulate initiation of
mRNA translation (28, 29).

Previous studies have shown that in BCR-ABL (breakpoint
cluster region Abelson leukemia fusion protein)-expressing
cells, there is deregulation of certain pathways used by IFNs to

2 The abbreviations used are: IFN, interferon; CML, chronic myeloid leukemia;
ISRE, interferon-stimulated response element; GAS, IFN+y-activated
sequence; ISG, interferon-stimulated gene; MTT, (3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; EMCV, encephalomyocarditis
virus; SIE, sis-inducing element; ChIP, chromatin immunoprecipitation;
MAPK, mitogen-activated protein kinase; SIF, sis-inducible factor.
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induce antileukemic effects (20, 30). For instance, in one study,
the leukemic cells of a subset of CML patients that did not
respond to IFNa were found to lack Statl expression (31),
whereas approximately half of the IFNa-resistant patients in
another study had increased levels of SOCS3 (suppressor of
cytokine signaling 3) (32). Thus, although lack of Stat1 expres-
sion or overexpression of SOCS3 is associated with IFN resist-
ance in CML, additional mechanisms apparently contribute to
IEN resistance in BCR-ABL-expressing cells. Interestingly,
other studies have shown that BCR-ABL modestly activates
Statl and Stat3 through tyrosine phosphorylation of Jak1, Jak2,
and Jak3 and strongly phosphorylates and activates Stat5 and
the adapter protein CrkL, resulting in the formation of CrkL-
Stat5 complexes that bind to GAS elements to regulate tran-
scription of BCR-ABL-regulated genes (33-35). It is intriguing
that IFN« also triggers activation of CrkL and formation of
IFN-dependent CrkL-Stat5 complexes that regulate transcrip-
tion of a subset of IFN-sensitive genes (36, 37). In addition, as
mentioned above, IFNs activate the phosphatidylinositol 3’-ki-
nase pathway and its effectors (9 —12, 21), a pathway well known
to promote BCR-ABL-induced leukemogenesis (38). Such find-
ings have raised the possibility that the type I IEN receptor and
BCR-ABL compete for the utilization of certain common sig-
naling elements and pathways that are required for the trans-
mission of signals essential for generation of their biological
effects.

In the current study, we determined whether the abnormal
BCR-ABL protein can activate signals that antagonize the tran-
scriptional activation of IFN-regulated genes. Overexpression
of BCR-ABL in IFN-sensitive cells suppressed IFNa-dependent
transcriptional activity via ISRE elements in luciferase reporter
assays and dramatically decreased the expression of several
IFN-inducible genes known to mediate antiviral responses,
such as Irfl, Irf9, Isgl5 (interferon-stimulated gene 15), and
Ifit2. The down-regulation of such genes was also observed in
cells expressing various imatinib mesylate resistant BCR-ABL
kinase domain mutants, and was associated with decreased lev-
els of IFNa-induced Statl-Statl, Statl-Stat3, and Stat3-Stat3
binding to SIE elements or decreased binding of the ISGF3
complex to ISRE elements in the promoters of IFN-regulated
genes. In addition, BCR-ABL suppressed the IFN-dependent
phosphorylation/activation of p38 MAPK, whose function is
essential for optimal transcription of IFN-regulated genes.
Importantly, the generation of IFNa-dependent antiviral and
growth-inhibitory responses was suppressed in BCR-ABL-ex-
pressing Ba/F3 cells, indicating that the effects of BCR-ABL on
IEN transcriptional activity translated to important antagonis-
tic biological responses.

MATERIALS AND METHODS

Antibodies, Cell Lines, Plasmids, and Reagents—Recombi-
nant human IFN was obtained from Biogen Inc. (Cambridge,
MA). Recombinant mouse interleukin-3 was purchased from
Invitrogen. Imatinib mesylate was provided by Novartis (Basel,
Switzerland). The antibodies against phosphotyrosine (clone
4G10) and Statl were purchased from Upstate Cell Signaling
Solutions (Charlottesville, VA). The antibodies against p-Statl
(Tyr™®"), p-Stat3 (Tyr’°®), p38, p-p38 (Thr'®/Tyr'®?), and
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c-Abl (cellular Abelson murine leukemia virus oncoprotein)
were obtained from Cell Signaling Technology (Danvers, MA).
Anti-Stat2 was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), and anti-p-Stat2 was purchased from Bio-
Vision Inc. (Mountain View, CA). U20S cells were grown in
McCoy’s medium supplemented with 10% (v/v) fetal bovine
serum and gentamycin. K562 cells were grown in RPMI
medium supplemented with 10% (v/v) fetal bovine serum and
gentamycin. BA/F3 pSRa mock cells, BA/F3 MIGR1, and the
BCR-ABL kinase-inactive BA/F3 MIG P210 KI cells were
grown in RPMI medium supplemented with 10% (v/v) fetal
bovine serum, gentamycin, and recombinant mouse IL3 (10
ng/ml). BA/F3 pSRa BCR-ABL wild-type and kinase domain
mutant cells as well as BA/F3 MIG BCR-ABL cells were grown
in RPMI medium supplemented with 10% (v/v) fetal bovine
serum and antibiotics. BA/F3 cells were starved overnight prior
to IEN treatment for Western blot, electrophoretic mobility
shift assay, chromatin immunoprecipitation (ChIP), and RNA
analysis. The plasmids pcDNA3 and pcDNA3 BCR-ABL, the
BA/F3 pSRa cells, and the stably BCR-ABL wild type- and BCR-
ABL mutant T315I-, H396P-, E255K-, and Y253F-expressing
cells have been previously described (39) (Oregon Health and
Sciences University, Portland, OR). The retroviral plasmids
MIGR1, MIG P210, and MIG P210 KI (40) were a kind gift from
Dr. Rhavi Bhatia (Division of Hematology and Bone Marrow
Transplantation, City of Hope National Medical Center,
Duarte, CA). The plasmids were used to generate BA/F3 cells
stably expressing MIGR1, MIG BCR-ABL wild type, and
kinase-inactive MIG BCR-ABL via retroviral infection. Cells
expressing the above constructs were GFP™ and were selected
by flow cytometry.

Cell Lysis and Immunoblotting—Cells were lysed in phos-
phorylation lysis buffer as previously described (41-43).
Immunoprecipitations and immunoblotting were performed as
previously described (41-43).

Cell Proliferation Assays—Cell proliferation was determined
using MTT assays, as previously described (25). Equal numbers
of cells were plated in 96-well plates and treated with interferon
a or STT versus Me,SO as indicated for 5-7 days. BA/F3 pSRa,
BA/F3 MIGR1, and BA/F3 MIG BCR-ABL KI cells were grown
in the presence of interleukin-3.

Mobility Shift Assays—Actively growing U20S cells, trans-
fected with pcDNA3 or pcDNA3 BCR-ABL, or BA/F3 pSRa
and pSRa BCR-ABL cells were pretreated with Me,SO or STI-
571 (1 um) for 1 h and then treated with IFN or IFN« or left
untreated, as indicated. 10 ug of nuclear extracts were analyzed
using electrophoretic mobility shift assays, as described previ-
ously (36). A double-stranded oligonucleotide (ATTTCCCG-
TAAATCCC), which represents a sis-inducing element (SIE)
from the c-fos promoter was synthesized and used to detect
Stat1-Statl, Statl-Stat3, and Stat3-Stat3 binding in the gel shift
assays. ISGF3 complexes were detected using a double-
stranded  oligonucleotide (CTGTTGGTTTCGTTTCCT-
CAGA), representing an ISRE element from the Isg15 gene.

Luciferase Reporter Assays—U20S cells were transfected
with an ISRE luciferase construct and a constitutive 3-galacto-
sidase expression vector using the superfect transfection rea-
gent according to the protocol of the manufacturer (Qiagen,
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FIGURE 1. Suppression of ISRE-driven transcription by BCR-ABL. A, U20S cells were transfected with either pcDNA3 empty vector or a
pcDNA3-BCR-ABL construct. 42 h after transfection, the cells were treated for 1 h with imatinib mesylate (STI-571) or left untreated, as indicated. Equal
amounts of total cell lysates (100 n.g) were resolved by SDS-PAGE and immunoblotted with an antiphosphotyrosine (anti p-Tyr) antibody (4G10) (top).
The blots were subsequently stripped and reprobed with an antibody against glyceraldehyde-3-phosphate dehydrogenase to control for protein
loading (bottom). The arrows point at proteins that are phosphorylated by BCR-ABL on tyrosine. B, U20S cells were transfected with either pcDNA3
empty vector or pcDNA3-BCR-ABL. 42 h after transfection, the cells were treated with IFNB (5000 IU/ml) for 6 h, in the presence or absence of imatinib
mesylate (STI-571), and ISRE-driven transcription was determined using a luciferase/B-galactosidase reporter assay. Data are expressed as -fold
increases in response to IFN treatment over control untreated samples for each condition. Mean = S.E. values of six independent experiments are
shown. Paired two-tailed t test analysis for ISRE in IFN-treated pcDNA3 versus pcDNA3-BCR-ABL-transfected cells showed a two-tailed p value of 0.016.
The paired two-tailed p value for STI-571 treated versus untreated pcDNA3-BCR-ABL cells was 0.0424. C, U20S cells were transfected with pcDNA3 or
pcDNA3-BCR-ABL. Following transfection, cells were incubated in the presence of Me,SO or imatinib mesylate. 42 h after transfection, the cells were
treated with IFNB (5000 IU/ml) for 6 h, and ISRE-driven transcription was determined using a luciferase/B-galactosidase reporter assay. Data are
expressed as -fold increases in response to IFN treatment over control untreated samples for each condition. Mean = S.E. values of five independent
experiments are shown. Paired two-tailed t test analysis for pcDNA3- versus pcDNA3-BCR-ABL-transfected cells showed a two-tailed p value of 0.011.

When STI-571-treated versus STI-571-untreated pcDNA3-BCR-ABL cells were compared, the two-tailed p value was 0.023.

Hilden, Germany). The same method was used to transfect
U20S cells with pcDNA3 or pcDNA3 BCR-ABL. The ISRE-
luciferase construct included the wild-type ISG15 ISRE
(TCGGGAAAGGGAAACCGAAACTGAAGCC) cloned via
cohesive ends into the BamHI site of the pZtkLuc vector and
was provided by Dr. Richard Pine (Public Health Research
Institute, New York, NY) (44). Forty-two hours after transfec-
tion, triplicate cultures were pretreated with Me,SO or STI-571
(1 or 5 um) for 1 h and then left untreated or treated with 5 X
102 units/ml of human IFN for 6 h, as indicated. In addition, in
order to suppress all BCR-ABL effects, Me,SO or STI-571 was
added to U20S cells directly post-transfection, and cells were
treated with 5 X 10° units/ml of human IFNg for 6 h or were left
untreated before the luciferase assays were performed.

ChIP Assays—ChIP assays were performed using the ChIP kit
from Upstate Cell Signaling Solutions (Charlottesville, VA)
according to the manufacturer’s instructions. BA/F3 cells were
treated with IFNa for 180 min or were left untreated, as indi-
cated. Cells were fixed, and DNA fragments were immunopre-
cipitated with either an anti-Statl antibody or control nonim-
mune RIgG. Precipitated and input control nonprecipitated
DNA fragments were used as templates for real time PCR with
the mouse ISRE-ISG15 gene (Mm01705338_s1) probes and
primers from Applied Biosystems (Foster City, CA). Values
were calculated by subtracting nonspecific binding detected in
control RIgG immunoprecipitates from specific ISG15-DNA
binding detected in anti-Statl immunoprecipitates.

mRNA Isolation and Conversion, Real Time PCR Probes, and
Primers—Isolation, purification of mRNA, and conversion into
c¢DNA was performed using the respective kits and oligo(dT)s
from Qiagen Inc. (Hilden, Germany) according to the manufac-
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turer’s instructions. Probes and primers for real time PCR were
purchased from Applied Biosystems (Foster City, CA). The
primers and probes used were Isgl5 (Mm01705338_s1), Irf9
(Mm0049  2679_ml), Irfl (Mm00515191_ml), Ifi2
(Mm00492606_m1), and SOCS3 (MmO00545913_s1). Gapdh
(Mm99999915_g1) was used as an internal control.

Antiviral Assays—The antiviral effects of mouse IFN« in
BA/F3 cells expressing BCR-ABL (wild type) or vector pSRa
were determined as previously described (29). Encephalomyo-
carditis virus (EMCV) was used as the challenge virus.

RESULTS

In initial experiments, we examined whether BCR-ABL
expression exerts regulatory effects on type I IFN-dependent,
ISRE-driven, gene transcription. For this purpose, a system in
which BCR-ABL was transiently overexpressed in U20S cells
(Fig. 1A) was initially used. Cells were transfected with either
pcDNA3 (empty vector) or a pcDNA3-BCR-ABL construct
(Fig. 1A), together with a luciferase reporter plasmid, under the
control of an ISRE. As expected, IFNf3 treatment led to a robust
induction of ISRE-dependent transcription in cells transfected
with the empty vector (Fig. 1B). On the other hand, ISRE-driven
transcription was significantly suppressed in cells transfected
with BCR-ABL (Fig. 1B). Such BCR-ABL-mediated suppres-
sion of ISRE-driven transcription was only partially reversed
when cells were pretreated with imatinib mesylate (STI-571),
added to the cultures 60 min prior to IFN treatment (Fig. 1A4).
However, if imatinib mesylate was added to the cultures
immediately following transfection of cells with the
pcDNA3-BCR-ABL construct, there was complete reversal of
the suppressive effects of BCR-ABL (Fig. 1C), suggesting that
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FIGURE 2. IFN- inducible gene transcription in Ba/F3 cells stably transfected with pSRa BCR-ABL or pSRa mock vector. Ba/F3 pSRa BCR-ABL (P210) or
Ba/F3 pSRa mock cells were incubated in the presence or absence of mouse IFNa (5 X 10% IU/ml). Cells were lysed, and total mRNA was isolated and used for
quantitative reverse transcription-PCR. Gene transcription of Irf9 (A), Irf1 (B), Isg15 (C), and [fit2 (D) was subsequently assessed by quantitative reverse transcrip-
tion-PCR. The bars represent the average -fold induction over untreated control BA/F3 pSRa mock cells = S.E. of three independent experiments. Paired t test
analysis comparing interferon-induced transcription in mock vector versus BCR-ABL-expressing cells resulted in p = 0.008 for Irf9 (A), p = 0.007 for Irf1 (B), p =

0.049 for Isg15 (C), and p = 0.002 for [fit-2 (D).

inhibition of the kinase activity of BCR-ABL early in the process
is required for reversal of its effects on IFN signals. Thus, BCR-
ABL suppresses type I IFN-dependent transcription, and such
suppression appears to require the kinase activity of BCR-ABL.

Since ISRE and also SIE sequences are commonly found in
the promoters of various type I IFN-inducible genes, including
genes that mediate antiviral and/or antiproliferative responses
(810, 14), we sought to directly examine the effects of BCR-
ABL overexpression on the transcription of several genes that
are known to play roles in the generation of the biological
effects of IFNa and other type I IFNs. For such studies, we used
Ba/F3 mouse cells stably expressing BCR-ABL (39). In initial
studies, we determined the effects of BCR-ABL on the tran-
scriptional regulation of two gene members of the IRF family,
Irf9 (also called ISGF3G or p48) and Irfl (45, 46). Ba/F3 cells
transfected with the empty vector or cells expressing BCR-ABL
were treated with mouse IFN«, and expression of Irfl and Irf9
was analyzed using quantitative real time reverse transcription-
PCR. IFNa treatment resulted in a strong induction of Irf9 (Fig.
2A) and IrfI (Fig. 2B) gene transcription in Ba/F3 cells trans-
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fected with pSRa vector alone. On the other hand, the IFN-de-
pendent up-regulation of these genes was severely suppressed
in Ba/F3-BCR-ABL-transfected cells (Fig. 2, A and B), and such
suppression was statistically significant (paired values were p =
0.008 for Irf9 and p = 0.007 for IrfI) (Fig. 2, A and B). Impor-
tantly, expression of BCR-ABL did not alter basal expression of
Irf9 and Irfl (Fig. 2, A and B), and only the IFN-inducible
expression of these genes was affected. Two additional genes
analyzed were Isgl5 (Fig. 2C) and the interferon-induced pro-
tein with tetratricopeptide repeats Ifit-2 (Fig. 2D). As in the case
of Irfl and Irf9, Isg15 and Ifit-2 have been previously linked to
the antiviral properties of IFNs (47—49). Both genes were fully
up-regulated by IFN« treatment of Ba/F3 cells transfected with
pSRa vector alone, whereas their expression was suppressed in
cells expressing BCR-ABL (Fig. 2, C and D) (paired values p =
0.049 for Isg15 and p = 0.002 for Ifit-2).

In subsequent studies, we examined the effects of various
BCR-ABL kinase point mutations that represent about 60%
ofkinase domain mutations found in patients with resistance
to imatinib mesylate (39) on IFN-dependent gene transcrip-
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FIGURE 3. Growth-inhibitory effects of IFN« in Ba/F3 cells expressing BCR-ABL and BCR-ABL mutant proteins. A, equal amounts of total cell lysates from
the indicated Ba/F3 transfectants were resolved by SDS-PAGE and immunoblotted with anti-ABL antibody. B, Ba/F3-pSRe, Ba/F3-BCR-ABL, and Ba/F3 cells
stably expressing the indicated BCR-ABL mutants were incubated with the indicated concentrations (in wmol/liters) of imatinib mesylate for 5 days. Cell
proliferation was assessed using MTT assays. Data are expressed as means * S.E. of four independent experiments. C, Ba/F3-pSRe, Ba/F3-BCR-ABL, and Ba/F3
cells stably expressing the indicated BCR-ABL mutants were incubated with the indicated concentrations (in 1U/ml) of mouse IFNa. Cell proliferation was
determined with MTT assays after 5 days. Data are expressed as means = S.E. of three independent experiments. D, equal amounts of total cell lysates from the
Ba/F3 MIG R1, MIG BCR-ABL (WT), and kinase-inactive Ba/F3 MIG BCR-ABL (KI) transfectants were resolved by SDS-PAGE and immunoblotted with anti-ABL
antibody (top) or anti-tubulin antibody to control for protein loading (bottom). E, Ba/F3 cells stably expressing wild-type and kinase-inactive BCR-ABL were
lysed, and equal amounts of total cell lysates (100 w.g) were resolved by SDS-PAGE and immunoblotted with an antiphosphotyrosine (anti p-Tyr) antibody
(4G10) (top). The blots were subsequently stripped and reprobed with an antibody against a-tubulin to control for protein loading (bottom). The arrows point
at proteins that are tyrosine-phosphorylated in BCR-ABL transfected cells. F, Ba/F3-MIG R1, MIG BCR-ABL-transfected, and Ba/F3 MIG BCR-ABL(KI)-transfected
cells were incubated with the indicated concentrations (in wmol/liter) of imatinib mesylate for 5 days. Cell proliferation was assessed using MTT assays. Data are
expressed as means = S.E. of fourindependent experiments. G, Ba/F3-MIG R1, MIG BCR-ABL, and Ba/F3 MIG BCR-ABL(KI) cells were incubated with the indicated
concentrations (in IU/ml) of mouse IFNa for 5 days. Cell proliferation was determined by MTT assays. Data are expressed as means =+ S.E. of three independent

experiments.

tion and responses. In addition to conferring resistance to
imatinib mesylate, these mutations also have effects on the
intrinsic kinase activity and substrate specificity of BCR-
ABL (39). At first we sought to confirm expression of the
various mutant proteins in the stably transfected Ba/F3 cells
(39). As shown in Fig. 34, similar levels of expression of
wild-type BCR-ABL and the BCR-ABL mutants E255K,
H396P, T315I, and Y253F were seen in the various transfec-
tants, and these levels were comparable with the endogenous
BCR-ABL levels in the K562 cell line, analyzed in parallel
(Fig. 3A). As expected (39), BA/F3 cells expressing the vari-
ous mutants were insensitive in various degrees to imatinib
mesylate, with the T315] mutant being completely refrac-
tory, even when a very high concentration (10 um) of ima-
tinib was used (Fig. 3B). Cells expressing the Y253F and
E255K mutants were also resistant, being insensitive to ima-
tinib at a final concentration of 1 um, whereas the H396P
mutant was the least refractory but still clearly less sensitive
than wild-type BCR-ABL (Fig. 3B). When the sensitivity of
the various transfectants to the growth-inhibitory effects of
mouse [IFNa was examined, we found that Ba/F3 cells trans-
fected with the empty vector were sensitive to IFNa-medi-
ated growth inhibition, whereas sensitivity to the antiprolif-
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erative effects of IFNa was substantially decreased in cells
expressing wild-type BCR-ABL (Fig. 3C). Although cells
expressing the BCR-ABL T315I and H396P mutants exhib-
ited modestly enhanced sensitivity to IFN« treatment com-
pared with cells expressing wild-type BCR-ABL, such differ-
ences were only marginal, suggesting that decreases in the
intrinsic kinase activities of these mutants (39) do not alter
substantially the ability of BCR-ABL to suppress IFN-de-
pendent growth-inhibitory effects.

To determine whether BCR-ABL tyrosine kinase activity was
essential for the suppressive effects of BCR-ABL on the type I
IFN-mediated antiproliferative responses, we generated BA/F3
cells stably expressing wild-type BCR-ABL or kinase-inactive
BCR-ABL (K1176R) (40), using retroviral transduction. Similar
BCR-ABL protein levels were seen in Ba/F3 cells stably trans-
fected with wild-type BCR-ABL or KI-BCR-ABL (Fig. 3D).
However, as expected (40), elevated tyrosine kinase activity, as
reflected by the phosphorylation of various cellular substrates,
was only seen in cells transfected with wild-type BCR-ABL, not
in cells expressing the kinase-inactive BCR-ABL mutant (Fig.
3E). Consistent with this, the growth of kinase inactive BA/F3
BCR-ABL cells was not affected by treatment of the cells with
imatinib mesylate at concentrations of up to 10 um (Fig. 3F).
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FIGURE 4. IFN-inducible gene transcription in cells expressing wild-type BCR-ABL, kinase-inactive BCR-ABL (A-C), or the T315l, Y253F, E255K,
and H396P kinase domain BCR-ABL mutants (D-F). The indicated stably transfected cells were incubated in the presence or absence of mouse (IFNa)
for 1 h (Irf1 and Irf9) or 3h (Isg15) and lysed, and total mRNA was isolated. Gene transcription of the indicated genes was assessed by quantitative reverse
transcription-PCR. Data are expressed as -fold induction over untreated control Ba/F3 mock cells and represent means = S.E. of two independent

experiments.

Ba/F3-MIG P210 KI cells exhibited enhanced sensitivity to the
growth-inhibitory effects of IFNa when compared with Ba/F3
MIG P210 WT cells (Fig. 3G) and followed a similar response
pattern to control cells stably transfected with the empty vector
(Fig. 3G).

Subsequently, we analyzed the effects of wild-type BCR-ABL
expression versus kinase-inactive BCR-ABL expression on the
regulation of transcription of ISGs. Although wild-type BCR-
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ABL significantly suppressed the IFN transcriptional activation
of Irfl (Fig. 4A), Isgl5 (Fig. 4B), and Irf9 (Fig. 4C), the kinase-
inactive BCR-ABL had minimal or no effects (Fig. 4, A—C). On
the other hand, cells expressing the various imatinib mesylate-
resistant kinase domain BCR-ABL mutants inhibited IFNa-in-
duced transcription of Irf9 (Fig. 4D), Irfl (Fig. 4E), Isgl5 (Fig.
4F), and Ifit-2 (data not shown) to similar degrees as cells
expressing wild-type BCR-ABL. Thus, BCR-ABL tyrosine
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kinase activity is necessary for suppression of various IFN-sen-
sitive genes known to mediate functional responses, whereas
such suppression is unaffected by BCR-ABL mutations known
to result to imatinib mesylate resistance.

It is well established that transcription of ISGs is con-
trolled by activation of Jak-Stat pathways. Several different
Stat proteins are known to be tyrosine-phosphorylated by
type I IFN-activated Jak kinases, including Stat1, Stat2, Stat3,
and Stat5 (reviewed in Refs. 8 —12). It is also well known that
phosphorylation of Statl and Stat3 proteins on serine 727 is
required for their full transcriptional activity. To determine
whether the suppressive effects of BCR-ABL on IFN-
dependent transcription results from negative regulatory
effects on IFN-activated Stats, we examined the effects of
BCR-ABL expression on the phosphorylation of Stats. Ini-
tially, we analyzed the phosphorylation of Statl in Ba/F3-
pSRa control cells and Ba/F3-BCR-ABL cells. Although we
did not observe any striking differences on the IFN-inducible
phosphorylation of Statl on Ser”*” in empty vector-trans-
fected and BCR-ABL-expressing cells (data not shown), the
IFN-inducible phosphorylation of Statl on Tyr’°! and the
duration of the signal were clearly reduced in the BCR-ABL-
expressing cells, as compared with the control cells (Fig. 54).
On the other hand, the effects of BCR-ABL expression on
Stat2 phosphorylation on Tyr®®*® were minimal (Fig. 5B),
whereas IFN-inducible phosphorylation of Stat3 on Tyr’®”
(Fig. 5C) was clearly suppressed in BCR-ABL expressing
cells. Thus, BCR-ABL expression results in suppression of
type [ IFN-dependent phosphorylation of Statl and Stat3 in
Ba/F3 transfectants, suggesting a mechanism that may
account for the defective regulation of ISGs and the induc-
tion of growth-inhibitory responses by IFNa.

There is accumulating evidence that beyond the function
of Stats, engagement of other signaling pathways is required
for optimal IFN signaling generation of IFN responses (11,
12,19). Among them, the p38 MAPK pathway is activated by
various type I IFNs, and its function is required for IFN-de-
pendent transcriptional regulation and biological responses
(19-25). Interestingly, previous studies have also suggested
that the p38 MAPK pathway may be impaired by BCR-ABL
transformation (50) and that treatment of cells with imatinib
mesylate results in its activation (51). We therefore explored
the possibility that activation of p38 MAPK in response to
IFNa treatment may be suppressed in BA/F3 BCR-ABL cells
compared with empty vector-expressing cells. Although
phosphorylation of p38 MAPK on threonine 180/tyrosine
182 was strongly induced in BA/F3 pSRa cells, no significant
induction of p38 was seen in BCR-ABL-transfected BA/F3
cells (Fig. 5D). It is therefore possible that inhibition of both
Statl/Stat3 phosphorylation and p38 MAPK activation con-
tributes to the suppressive effects of BCR-ABL on type I
IFN-mediated gene transcription.

We next examined directly the effects of BCR-ABL expres-
sion on the binding of activated Stat complexes to SIE or
ISRE sequences. First, we examined the effects of BCR-ABL
on the binding of Statl-Statl, Statl-Stat3, and Stat3-Stat3
(SIF) complexes to IFN-specific SIE. Cells transfected with
empty vector exhibited normal IFNB-inducible binding of
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Statl and Stat3 homo- and heterodimers to SIE complexes
(Fig. 6A). This binding was strongly suppressed in BCR-
ABL-expressing cells, whereas co-treatment of the cells with
IFN and imatinib mesylate partially reversed such suppres-
sion of Stat protein complex formation (Fig. 64). Similarly,
the IFNa-dependent formation and binding of the ISGF3
complex to ISRE was significantly decreased in BCR-ABL-
expressing BA/F3 cells as compared with empty vector-
transfected BA/F3 cells (Fig. 6B). Concomitant treatment of
BCR-ABL expressing BA/F3 cells with IFN and imatinib
mesylate resulted in partial reversal of this suppression (Fig.
6B). In other studies, we determined the binding of ISGF3
complexes to the promoter of the ISG15 gene in Ba/F3-
pSRa- and Ba/F3-BCR-ABL-expressing cells by ChIP, using
an antibody against Statl, followed by quantitative PCR
analysis. As expected, IFN« treatment of Ba/F3 cells trans-
fected with pSRa vector alone resulted in increased DNA
binding of Statl-containing complexes (ISGF3) to the ISG15
promoter (Fig. 6C). In contrast, we observed no Stat1-ISG15
binding in Ba/F3-BCR-ABL cells whether left untreated or
treated with IFN« (Fig. 6C).

Viewed altogether, our data demonstrate that BCR-ABL reg-
ulates the generation of signals that suppress type I IFN-de-
pendent phosphorylation of Stat proteins and formation of
DNA binding complexes, resulting in suppressed transcription
of several genes known to have antiviral properties. To directly
determine whether IFN-induced antiviral effects are dimin-
ished in BCR-ABL-expressing cells, we assessed the ability of
IFN« to protect from the cytopathic effects of EMCV. Cells
were pretreated with IFN« at the indicated concentrations and
then challenged with EMCV. Ba/F3 cells expressing BCR-ABL
were clearly less sensitive to the antiviral effects of IFN« and
less protected from the cytopathic effects of EMCV than BA/F3-
pSRa control cells (Fig. 7), strongly suggesting that BCR-ABL
decreases the ability of IFN« to generate antiviral responses.

DISCUSSION

BCR-ABL, the abnormal product of the fusion of the bcr and
c-abl genes (52), transforms hematopoietic cells and generates
mitogenic responses via engagement of multiple cellular cas-
cades (30, 53). Several signaling elements and mitogenic signals
are activated by BCR-ABL, including Shc (54), Ras-GAP (55),
SHP-2 and SHIP (56), c-CBL (57), Vav (58), and the PI 3’
kinase/Akt/mTOR cascade (59 —62). In addition, the transcrip-
tional activator Stat5 is engaged in a BCR-ABL-dependent
manner and participates in the generation of its effects in target
cells (63, 64). The multiplicity of signals and the complexity of
pathways activated by BCR-ABL reflect a well coordinated
transforming capacity of this oncogene and its ability to over-
come the mechanisms of resistance to leukemic transformation
that normal cells employ.

Despite the extensive and rapidly accumulating knowledge
on the mechanisms by which BCR-ABL transforms cells, very
little is known about its effects on IFN-inducible signaling path-
ways. Understanding the effects of BCR-ABL on IFN signaling
is conceivably of importance, since it may uncover unique
mechanisms by which the abnormal tyrosine kinase overcomes
the normal immune surveillance against cancer and causes
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FIGURE 5. Effects of BCR-ABL on IFNa-dependent tyrosine phosphorylation of Stat proteins and phosphorylation/activation of the p38 MAPK.
Ba/F3-pSRa BCR-ABL (P210) or Ba/F3-pSRa mock cells were treated with IFN« (10* 1U/ml) for the indicated times or left untreated, as indicated. Total cell lysates
were resolved by SDS-PAGE and immunoblotted with antibodies against the phosphorylated form of Stat1 on Tyr’®" (A), the phosphorylated form of Stat2 on
Tyr®®? (B), the phosphorylated form of Stat3 on Tyr”%° (C), and the phosphorylated form of p38 on Thr'8/Tyr'8? (D). The blots were subsequently stripped and
reprobed with antibodies against total Stat1, Stat2, Stat3, or p38, respectively, to control for protein loading. The signals were quantified by densitometry, and
the intensities of phosphorylated proteins versus unphosphorylated proteins were calculated. Data are expressed as means = S.E. of six experiments for A, two
experiments for B, four experiments for C, and five experiments for D. Paired t test analysis for Stat1 Tyr’®" phosphorylation showed a paired p value of 0.03
comparing IFN-treated (60 min) BA/F3 pSRa versus BA/F3 BCR-ABL cells (A). Paired t test analysis for Stat3 Tyr’°® phosphorylation showed a paired p value of
0.04 comparing IFN-treated (30 min) BA/F3 pSRa versus BA/F3 BCR-ABL cells (C). Paired t test for p38 Thr'8%/Tyr'82 phosphorylation comparing IFN-treated (30
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malignant transformation. It is of particular interest that IFNa  (30). In fact, prior to the introduction of imatinib mesylate and
exhibits a selective efficacy in the treatment of chronic myelog-  second generation tyrosine kinase inhibitors in the treatment of
enous leukemia, as compared with other tumors and leukemias ~CML, IFNa was the treatment of choice for patients not eligible
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for allogeneic bone marrow transplantation (65). With the
emergence of an increasing number of acquired BCR-ABL
mutations, rendering BCR-ABL resistant to imatinib mesylate
and, in the case of T315], resistant to second generation BCR-
ABL kinase inhibitors, IFN« or combination treatments could
re-emerge as important in the treatment of certain cases of
CML. Indeed, a recent study found IFN and homoharringto-
nine to be efficient in the treatment for CML patients with the
T3151 BCR-ABL mutation that is resistant to all known BCR-
ABL kinase inhibitors (66).

In the present work, we examined whether BCR-ABL exerts
negative regulatory effects on IFN-inducible transcriptional
activation of key target genes. Based on our prior observation
that BCR-ABL overexpression impedes PML-gene promoter
transcriptional activity (37), we sought to determine its effects
on transcriptional activation via ISRE and GAS elements and on
specific genes known to play key roles in the induction of IFN-
mediated responses. Our data demonstrate that transient or
stable BCR-ABL overexpression in target cells blocks IFN-de-
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pendent transcriptional activity. Moreover, the expression of
several genes known to play key roles in the induction of IFN-
induced cellular and antiviral responses is severely suppressed
in cells transformed by BCR-ABL. Among them were two well
known members of the IRF family of genes, IrfI and Irf9. Inter-
estingly, the expression of the Irfl gene has been previously
shown to be suppressed in the bone marrows of patients with
CML (67, 68), whereas the suppressive effects on Irf9 gene tran-
scription are of particular interest, since its protein-product,
IRF9 (also called p48), is a key component of the ISGF3 complex
(8-12). Thus, by inhibiting IRF9 expression, BCR-ABL blocks a
positive feedback loop for the generation of IFN-inducible
responses, involving IRF9-dependent formation of ISGF3 com-
plexes that are in turn required for the transcription of other
ISGs. In addition, our data demonstrate that BCR-ABL sup-
presses the expression of the Isg15 gene, whose protein product
plays an important role in IFN signaling by regulating ISGyla-
tion (69, 70), and the less characterized Ifit2 gene, which is
involved in the generation of antiviral responses (71, 72).

The effects of BCR-ABL on IFN-dependent transcriptional
activation of such genes appear to reflect suppressive effects on
the phosphorylation/activation of Stat element components of
the Jak-Stat pathway, including Statl, which is required for
ISGF3-complex formation and ISRE-driven transcription, and
different homo- or heterodimers of Statl and Stat3, which are
required for SIF complex formation and GAS-driven transcrip-
tion. Although the precise mechanisms by which such BCR-
ABL-mediated suppression occurs remain to be precisely
defined, our data establish that the kinase activity of BCR-ABL
is essential for such responses. This was shown by studies dem-
onstrating that, in contrast to wild-type BCR-ABL, a kinase-
defective mutant did not suppress formation of Stat complexes
and IFN-dependent gene transcription. An interesting possibil-
ity is that suppression of Isgl5 expression by BCR-ABL may
lead to a positive feedback loop leading to suppression of Stat
phosphorylation, since ISGylation has been previously linked to
the regulation of Stat1 phosphorylation (73), whereas cells lack-
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ing the ISG15-specific isopeptidase, Ubp43, are more resistant
to oncogenic transformation by BCR-ABL (74). However, the
validity of such a hypothesis remains to be determined in future
studies.

Imatinib mesylate was found to reverse the suppressive
effects of BCR-ABL on ISGF3 or SIF complex formation. Inter-
estingly, imatinib mesylate enhances IFN-dependent Stat phos-
phorylation and formation of Stat-containing DNA-binding
complexes in wild-type BCR-ABL-transformed Ba/F3 cells that
are resistant to the antiproliferative effects of IFN«, whereas in
previous studies, we had found that imatinib mesylate did not
exhibit such enhancing effects in the highly IFNa-sensitive
KT-1 cellline (51). Thus, it is possible that the enhancing effects
of imatinib mesylate correlate with relative levels of expression
of BCR-ABL protein and sensitivity of cells to IFNe, being
noticeable in the presence of relative IFN resistance. Interest-
ingly, in studies in which we analyzed the antiproliferative
effects of [IFNa on various Ba/F3 transfectants, we found that
Ba/F3 empty vector-transfected cells were relatively sensi-
tive to IFN«, whereas such sensitivity was reversed in Ba/F3-
BCR-ABL-transfected cells. Notably, the BCR-ABL kinase
domain mutants Y253F and E255K (mutations in the P-loop)
exhibited sensitivity to IFNa similar to that of wild-type
BCR-ABL-expressing cells, whereas the T315] mutant
(mutated hydrogen bond of STI-571 binding site) and, even
more so, the BCR-ABL kinase domain mutant H396P (muta-
tion in activation loop) were relatively more sensitive to IFN-
inducible growth inhibition.

The fact that IFN-dependent gene transcription and the
generation of antiviral effects are antagonized by the abnor-
mal BCR-ABL fusion protein raises questions and issues that
may be of clinical and physiological relevance. It is possible
that an important mechanism of the transforming capacity
of BCR-ABL is suppression of growth-inhibitory pathways.
Since IFNs constitute a component of immune surveillance
against malignancies, inhibition of IFN signaling by BCR-
ABL may contribute to the development of leukemogenesis.
Beyond its effects on the activation of classic Stat pathways,
our data establish that BCR-ABL suppresses IFN-inducible
activation of the p38 MAPK, whose function complements
the function of the Stat pathway and is also required for the
IFN-dependent transcriptional regulation (22, 23) and gen-
eration of growth-inhibitory responses (24, 25). Thus, com-
bined inhibition of more than one growth inhibitory path-
way may contribute to the development of the leukemic
phenotype by BCR-ABL. The inhibition of expression of
IFN-inducible genes with known antiviral properties by
BCR-ABL may also contribute in part to the development of
an immunity-compromised status and increase the overall
sensitivity of leukemic patients to viral infections. Future
studies to define the precise mechanisms by which BCR-ABL
inhibits activation of Stats and IFN-inducible gene tran-
scription may lead to the identification of novel therapeutic
cellular targets and the development of clinical-translational
approaches aimed at disrupting the ability of BCR-ABL to
suppress signaling pathways engaged by IFNs and, possibly,
other cytokines with antitumor properties.
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